Chronic infection has been linked to poor cognition or dementia in previous studies,^[@R1][@R2][@R9]^ including the Northern Manhattan Study (NOMAS). We previously found an association between an infectious burden index (IBI), a composite serologic measure of exposure to common pathogens linked to stroke risk, and poor cognitive performance on global cognitive measures.^[@R2]^ In a subsequent study in the NOMAS, which used detailed full neuropsychological testing, we found an association between infectious burden (IB) and the executive function domain and also decline in memory over time.^[@R3]^ There is accumulating evidence of a link, in particular, between Herpesviridae and Alzheimer disease (AD),^[@R5],[@R7],[@R8]^ which has led to 2 clinical trials of antiviral therapy in patients with AD.^[@R10],[@R11]^

Another independent risk factor for poor cognition is *APOE ϵ*4, 1 of 3 common allelic variants of the *APOE* gene (*ϵ*2, *ϵ*3, and *ϵ*4) located on chromosome 19q13.2. *APOE* functions in regulating lipid metabolism and has wide-ranging effects on multiple organ systems.^[@R12]^ One copy of the *APOE ϵ*4 allele increases AD risk approximately 2-fold, whereas 2 *APOE ϵ*4 alleles increase AD risk approximately 5-fold.^[@R13]^ There is evidence that the strength of this association may be modified by race/ethnicity,^[@R13][@R14][@R15]^ with greater variability of results among African Americans.^[@R13]^

We might expect that *APOE ϵ*4 carrier status and evidence of chronic infection confer additive, increased risk for worse cognitive outcomes. Of interest, there is epidemiologic evidence of an unexpected interaction between IB and *APOE ϵ*4 carrier status, suggesting a possible protective effect of *APOE ϵ*4 against infection and its chronic cognitive sequelae. One study of an Amazonian cohort of forager-horticulturalists found that amongst those with high parasitic burden, *APOE ϵ*4 carriers had better cognitive performance than non--*ϵ*4 carriers.^[@R16]^ Another study in a large rural Ghanaian population found that *APOE ϵ*4 appeared to protect against infection and promote fertility among women exposed to high pathogen levels.^[@R17]^ These results are consistent with observations from multiple studies of patients with chronic hepatitis showing that those with the *APOE ϵ*4 genotype appeared to have slower progression of disease and better outcomes.^[@R18][@R19][@R22]^

Few studies in a Western population have explicitly examined the possible interaction between IB and *APOE ϵ*4 carrier status on overall risk for poor cognition. A protective effect of *APOE ϵ*4 against infection is plausible as there is evidence that beta-amyloid acts as an innate immune protein in response to infection.^[@R23]^ The primary objective of our study is to examine whether *APOE ϵ*4 modifies the association between IB and cognitive outcome in a multiethnic US cohort. Specifically, we hypothesize that the association between IB and poor cognition is weaker in *APOE ϵ*4 carriers than in *APOE ϵ*4 noncarriers. Furthermore, in an exploratory secondary analysis, we hypothesize that the interaction between IB and *APOE ϵ*4 on cognitive outcomes varies by race/ethnic group, with a stronger modifying association among whites.

Methods {#s1}
=======

Standard protocol approvals, registrations, and patient consents {#s1-1}
----------------------------------------------------------------

The institutional review boards at Columbia University Medical Center and the University of Miami both approved this study. All participants gave informed consent to participate.

Description of the study population and baseline data collection {#s1-2}
----------------------------------------------------------------

NOMAS is a prospective cohort study consisting of 3,298 stroke-free participants enrolled between 1993 and 2001, as previously described.^[@R24]^ Briefly, participants were recruited from individuals residing in northern Manhattan, NY, for at least 3 months in a household with a telephone, who were aged ≥40 years at the time of enrollment, and had no previous diagnosis of stroke.

Data collection at baseline included basic demographic information, medical history including vascular risk factors, and blood samples. Interviews were conducted by trained bilingual research assistants in English or Spanish. Blood samples were later analyzed for infectious serologies, as below. From a subset of 984 participants with both serologic data and *APOE ϵ*4 data, 977 participants had all covariates of interest and were included in the present study.

Assessment of IB {#s1-3}
----------------

Blood samples collected at enrollment were centrifuged and frozen at −70°C in 1 mL aliquots until the time of analysis. Serologies were measured using ELISA for *Chlamydia pneumoniae* (Savyon Diagnostics, Ashdod, Israel), *Helicobacter pylori*, cytomegalovirus (CMV, Wampole Laboratories, Princeton, NJ), and herpes simplex virus 1 and 2 (HSV-1 and -2, Focus Diagnostics, Cypress), as previously described.^[@R24]^ Immunoglobulin G titers were used for all pathogens except *C. pneumoniae*, for which immunoglobulin A titers were used based on results of previous studies.^[@R25],[@R26]^ Testing was performed in batches, with laboratory technicians blinded to clinical status. Not all participants had blood available for the measurement of all 5 serologies. Therefore, a subsample of 1,625 participants was included in the calculations of the IBI.

The IBI, a quantitative weighted index associated with vascular risk, was created, as previously described.^[@R3],[@R24]^ Briefly, multivariable-adjusted Cox models were used to estimate regression coefficients and 95% confidence intervals (CIs) for the association between each serologic result (positive vs negative) and risk of stroke, with all other serologies included as covariates. Each parameter estimate represents the strength of the association between the individual serologic result and risk of stroke. These parameter estimates were then used to construct the weighted IBI. The IBI has been found to be associated with cognitive outcomes in previous NOMAS studies.^[@R2],[@R3]^

Cognitive assessment {#s1-4}
--------------------

Cognitive function was ascertained using the Mini-Mental State Examination (MMSE)^[@R27]^ at the baseline visit and a full neuropsychological test battery on a follow-up visit at a median of 6 years 3 months after baseline.^[@R3]^ Testing was performed by bilingual trained research assistants in English or Spanish, depending on the native language spoken in the home environment. The neuropsychological test battery assessed cognitive domains of memory, processing speed, language, and executive function, and domain-specific *z* scores were calculated. Higher *z* scores in memory, processing speed, language, and executive function indicate better performance in those domains. Tests used for each domain were selected based on an exploratory factor analysis and previous findings.^[@R28]^ Specific tests selected for each domain have been previously described in detail.^[@R3]^ Briefly, memory was assessed using scores on a 12-word 5-trial list-learning task.^[@R28]^ Executive function was assessed using subscores on the Color Trails Test^[@R29]^ and the Odd-Man-Out Test.^[@R30]^ Processing speed was assessed by the Grooved Pegboard task (nondominant hand),^[@R31]^ the Color Trails Test Form 1,^[@R29]^ and the Visual-Motor Integration Test.^[@R32]^ Language was assessed using 3 tests: a test of naming (modified Boston Naming Test),^[@R33]^ a test of category fluency (Animal Naming),^[@R34]^ and a test of phonemic fluency (C, F, L in English speakers and F, A, S in Spanish speakers).^[@R34]^

*APOE ϵ*4 assessment {#s1-5}
--------------------

*APOE ϵ*4 allele carrier status was assessed by *Hha*1 digestion of PCR products amplified from genomic DNA. *APOE ϵ*4 was entered into regression models as a dichotomous variable (presence of 1 or 2 copies of the *APOE ϵ*4 allele vs absence of the *APOE ϵ*4 allele).

Covariates {#s1-6}
----------

Race/ethnicity was ascertained by self-report based on questions modeled after the U.S. Census and conforming to standard definitions outlined by Directive 15.^[@R35]^ Educational attainment was assessed by self-report at baseline and at the time of neuropsychological testing. Health insurance status (Medicaid or no insurance vs Medicare without Medicaid or private insurance) was obtained by self-report at baseline. Physical activity was evaluated by an in-person questionnaire, which was adapted from the National Health Interview Survey of the National Center for Health Statistics.^[@R36]^ Physical activity was defined as a dichotomous variable: activity vs no activity in a typical 2-week period. Standardized questions adapted from the Behavioral Risk Factor Surveillance System by the Centers for Disease Control and Prevention were used to assess for the presence of hypertension, hypercholesterolemia, and diabetes mellitus. Hypertension was defined either as participant self-report of hypertension, blood pressure measurement of 140/90 mm Hg or greater, or use of antihypertensive medication. Hypercholesterolemia was defined either as participant self-report of hypercholesterolemia, total cholesterol level greater than 200 mg/dL, or cholesterol-lowering medication use. Diabetes mellitus was defined as participant self-report of diabetes mellitus, fasting glucose of 126 mg/dL or greater, or use of insulin or oral antidiabetic medications.

Statistical analyses {#s1-7}
--------------------

The IBI and individual infectious serologies were the exposures of interest, and cognitive function was the outcome of interest. MMSE scores were analyzed as both continuous and a binary outcome (MMSE ≤ 24 vs \> 24), based on previously defined thresholds to facilitate clinical interpretation.^[@R2],[@R37]^ Cognitive domain *z* scores were analyzed as continuous outcomes. Multivariate linear regression models were constructed to examine the association between infection and both MMSE score and each cognitive domain. Logistic regression was conducted to examine the association between infection and a binary MMSE score. Model 1 assessed the unadjusted association between infection and cognition. Model 2 adjusted for age, sex, race/ethnicity, education, and health insurance status (a proxy measure of socioeconomic status). Models of neuropsychological testing used the education self-reported by participants at this visit. Model 3 additionally adjusted for physical activity, hypertension, diabetes mellitus, and hypercholesterolemia. The rationale for selection of covariates was based on the literature, biological plausibility, and previous experience with the cohort. Interaction between IB and *APOE ϵ*4 was assessed by entering the interaction term for IB × *APOE ϵ*4 into regression models. In an exploratory secondary analysis, the interaction between IB and *APOE ϵ*4 was examined, stratified by race/ethnicity. All hypothesis testing was 2 sided, and *p* values less than 0.05 (less than 0.10 for interaction terms) were considered to be significant.^[@R38]^ All analyses were performed using SAS version 9.1.3 (SAS Institute, Cary, NC).

Data availability {#s1-8}
-----------------

Anonymized data will be made available to qualified investigators on request for purposes of replicating procedures and result. Further information regarding data from the NOMAS cohort and contact information can be found at [northernmanhattanstudy.org](https://northernmanhattanstudy.org).

Results {#s2}
=======

Population characteristics {#s2-1}
--------------------------

There were 977 participants in the primary analysis with MMSE as the cognitive outcome. Of those, 26% were *APOE ϵ*4 carriers. The distribution of IBI and most individual infections did not vary by *APOE* status. *APOE ϵ*4 carriers had slightly higher prevalence of *C. pneumoniae* than noncarriers. The proportions of *APOE ϵ*4 and non--*ϵ*4 carriers differed by race/ethnicity. Blacks were more likely than whites to be *APOE ϵ*4 carriers, whereas a greater proportion of whites were found among non--*ϵ*4 carriers. *APOE ϵ*4 and non--*ϵ*4 carriers did not differ significantly by age, sex, education, health care insurance status, or by the presence of vascular risk factors (physical activity, hypertension, diabetes, and hypercholesterolemia). *APOE ϵ*4 carriers had lower memory scores and worse performance on the MMSE (mean 25.75) at baseline compared with non--*ϵ*4 carriers (mean MMSE 26.35) ([table 1](#T1){ref-type="table"}). Of 977 participants, 569 participants underwent neuropsychological testing at the follow-up examination. Baseline characteristics of participants who underwent neuropsychological testing are described in table e-1 ([links.lww.com/NXG/A278](http://links.lww.com/NXG/A278)). Participants who had neuropsychological testing (n = 569) did not differ significantly from participants who did not have neuropsychological testing (n = 408) in terms of IB, but were on average younger and more likely to be Hispanic (table e-2, [links.lww.com/NXG/A278](http://links.lww.com/NXG/A278)).

###### 

Characteristics^a^ of participants
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*APOE ϵ*4 as a modifier of the association between IBI and cognition {#s2-2}
--------------------------------------------------------------------

There was an interaction between IBI and *APOE ϵ*4 for processing speed (*p* = 0.07). IBI was associated with slower processing speed among non--*ϵ*4 carriers (β = −0.08 per SD change in IBI, 95% CI −0.16 to −0.01, *p* = 0.03), but not among *APOE ϵ*4 carriers (β = 0.06 per SD change in IBI, 95% CI −0.08 to 0.19, *p* = 0.42), after adjusting for sociodemographic and vascular risk factors. No interaction was found between IBI and *APOE ϵ*4 for MMSE or for neuropsychological test results in the memory, language, or executive function domains ([table 2](#T2){ref-type="table"}). In an exploratory analysis of specific infections and cognition, positive HSV-1 serology was also associated with a slower processing speed among non--*ϵ*4 carriers (β = −0.24, 95% CI −0.45 to −0.03), but not among *APOE ϵ*4 carriers (β = 0.27, 95% CI −0.09 to 0.64). *C. pneumoniae* infection and HSV-2 infection were both associated with worse memory among *APOE ϵ*4 carriers, but not among non--*ϵ*4 carriers ([table 3](#T3){ref-type="table"}).

###### 

Association of infectious burden index with cognitive function, stratified by *APOE ϵ*4 carrier status^a^
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###### 

Association of specific infections with neuropsychological test domains, stratified by APOE *ϵ*4 carrier status^a,b^
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Exploratory analysis of *APOE ϵ*4 as a modifier stratified by race/ethnicity {#s2-3}
----------------------------------------------------------------------------

The modification effects of *APOE ϵ*4 for the association between infection and cognition do not differ by race-ethnicity (*p* for difference \>0.10 with 2 d.f.). However, there was a trend toward the effect of modification being more apparent among whites than other race/ethnicity groups. Among whites (n = 76), there was an interaction between IBI and *APOE ϵ*4 for processing speed (*p* = 0.01). IBI was associated with slower processing speed among non--*ϵ*4 carriers (β = −0.24 per SD change in IBI, 95% CI −0.39 to −0.08), but not among *APOE ϵ*4 carriers (β = 0.28 per SD change in IBI, 95% CI −0.09 to 0.64), after adjusting for sociodemographic and vascular risk factors. Similarly, for whites, HSV-1--positive participants who were non--*ϵ*4 carriers were more likely to have slower processing speed (β = −0.34, 95% CI −0.76 to 0.07) than *APOE ϵ*4 carriers (β = 1.26, 95% CI 0.19 to 2.32), after adjusting for sociodemographic and vascular risk factors (interaction *p* = 0.01). Among blacks and Hispanics, no interaction between IBI and *APOE ϵ*4 was found for any cognitive domains, except for the memory domain among Hispanics (*ϵ*4 carriers: β = −0.19, 95% CI −0.38 to 0.00; non--*ϵ*4 carriers: β = 0.00, 95% CI −0.11 to 0.11; *p* = 0.09).

Discussion {#s3}
==========

We found limited evidence of effect modification by *APOE* status for the effect of IB, and specifically HSV-1, on cognition. Although *APOE ϵ*4 did not modify the association between IB and most domains of cognition in our multiethnic cohort, it did modify the association of IBI and HSV-1 on the domain of processing speed. Specifically, IBI and HSV-1 were associated with slower processing speed among non--*ϵ*4 carriers, but not among *APOE ϵ*4 carriers. The effect modification was more apparent among whites, although we did not find a statistically significant difference across the 3 race/ethnicity groups due to the relatively small sample size. We also found an interaction between *C. pneumoniae* infection, HSV-2 infection, and *APOE ϵ*4 on the memory domain. The interaction between *APOE ϵ*4 and infection likely depends on both IB and specific type of infection. Further research is needed to clarify the modification effect of *APOE ϵ*4 on different types of infections.

Although there is suggestive evidence of a link between HSV^[@R5],[@R7]^ (more broadly Herpesviridae^[@R23],[@R39]^) and dementia, fewer studies have explicitly evaluated the interaction between HSV and *APOE ϵ*4 on risk for dementia or poor cognition. One study found an interaction between *APOE ϵ*4, Herpesviridae seropositivity, low education, and the development of cognitive impairment.^[@R40]^ There is also evidence that *APOE ϵ*4 allele frequency is higher in patients with AD positive for HSV-1 than for patients with AD negative for HSV-1.^[@R41]^ We conjecture that the co-occurrence of *APOE ϵ*4 and herpes infection can be understood as either *APOE ϵ*4 leading to increased susceptibility to infection or survivor bias. One study of elderly French participants without dementia, however, found no effect modification of *APOE ϵ*4 with HSV on risk for AD. The same study found an association between anti-HSV IgM (but not IgG) and higher risk of AD.^[@R42]^ These findings are in contrast to evidence from animal studies, which suggest that *APOE ϵ*4 facilitates the invasiveness of HSV-1 into the brain.^[@R43]^ There is evidence that beta-amyloid functions as an innate immune protein and is capable of exerting antimicrobial effects by entrapping herpes virus in a transgenic AD mouse model and in human neuronal cell culture.^[@R23]^ Additional studies are necessary to clarify the potential interaction between Herpesviridae infection and *APOE ϵ*4 on cognition. Given our limited sample size, the possibility that these isolated positive findings are due to chance cannot be fully excluded. Our findings were, however, consistent with previous studies that have found a protective effect of *APOE ϵ*4 against infection^[@R18][@R19][@R22]^ as well as previous studies that suggest beneficial effects of *APOE ϵ*4 during childhood development (when infections are particularly common).^[@R44],[@R45]^

Of interest, in an exploratory secondary analysis, the strength of the interaction between *APOE ϵ*4 and infection and the magnitude of the effect of infection on cognition appeared to vary by race/ethnicity, although the difference across race/ethnicity groups was not statistically significant. Specifically, the modifying effect of *APOE ϵ*4 appeared to be the strongest among whites, also present among Hispanics, and absent among blacks. The presence of a differential effect by race/ethnicity despite the limited power of our exploratory analysis is striking and warrants further investigation in future studies.

It is possible that the overall lack of positive findings in our study may be related to the relatively smaller proportion of whites in the NOMAS cohort (21%), vs blacks (24%) and Hispanics (52%). Our findings of a difference by race/ethnicity are consistent with previous studies, which have found a stronger association between *APOE ϵ*4 and poor cognitive outcomes among whites than among blacks.^[@R13]^ Studies in blacks have yielded mixed results, with some family aggregation or clinic-based studies finding an association between *APOE ϵ*4 and poor cognitive outcomes, and other population-based studies finding little to no association.^[@R13]^

The precise mechanism for the potential protective effect of *APOE ϵ*4 on infection and its relation to cognition remains uncertain, although there is evidence of an antimicrobial effect of beta-amyloid fibrils/deposits.^[@R23]^ The thrifty gene hypothesis^[@R46]^ posits that certain apparently detrimental genotypes (such as *APOE ϵ*4) in high-income populations may have previously conferred a selective survival advantage in preindustrial populations. Specifically, *APOE ϵ*4\'s potential protective effects against infection and in favor of fertility may have caused it to be selected for in a preindustrial population exposed to higher burden of infections and at greater risk for early demise due to childhood infections. With the rise of industrialization and changing lifestyles (cleaner environments with lower pathogen burden), individuals are living longer, but also at greater risk for dementia, due to the unwanted detrimental effects of *APOE ϵ*4 at older ages (e.g., poor cognition and dementia).

The major strength of our study is our study design. Few studies in a Western population have directly examined the possible interaction between IB and *APOE ϵ4* carrier status on overall risk for poor cognition. The 2 previous studies that had explicitly examined a potential benefit of *APOE ϵ*4 with infection on health outcomes were conducted in more homogenous populations (Amazonian forager-horticulturalists^[@R16]^ and rural Ghanaian^[@R17]^), and the generalizability of those results to a Western population was unclear. Another strength of our study is the use of a multiethnic population-based cohort. The NOMAS cohort includes a large proportion of Hispanic participants, who are often underrepresented in studies on cognition. Last, we were able to adjust for numerous demographic as well as vascular covariates (potential confounders) in our models.

One limitation of our study is the small proportion of whites in the cohort, considering that the association between *APOE ϵ*4 and cognition was most robust among whites. Future studies, which replicate these procedures in multiple cohorts, are needed to clarify race/ethnic differences for the modification effect of *APOE ϵ*4 between infection and cognitive outcomes. Another key limitation is that data on parasitic infection (or proxies for parasitic burden such as eosinophil count) were not available. Of note, the 2 previous studies^[@R16],[@R17]^ that found a protective benefit of *APOE ϵ*4 for infection both used proxy markers (eosinophil count and open well as water source) to assess parasitic burden. It is possible that *APOE ϵ*4 may exert an even stronger protective benefit against certain infections or certain types of infections (parasitic) than other types of infections; however, we lacked the data on parasitic infections necessary to evaluate this possibility. To further examine the thrifty gene hypothesis as it relates to *APOE ϵ*4\'s effect on infection, future studies should seek to include a more comprehensive array of infectious measures, including measures of parasitic infections. Last, the possibility of residual unmeasured confounding exists, although we have accounted for a number of confounders, including education and health insurance status (proxies for socioeconomic status), as well as vascular risk factors. Future studies should ideally also include a measure of allostatic load, as stress has a significant influence on susceptibility to infection and reactivation of infection.

We found limited evidence that *APOE ϵ*4 modifies the association between IB and a measure of processing speed in a multiethnic cohort. The results of our hypothesis-generating study suggest that an antimicrobial role of the *ϵ*4 allele is possible. The effect of infection on risk for poor cognition among *ϵ*4 carriers warrants further investigation in other cohorts.
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